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Abstract Introducing experimental values as restraints
into molecular dynamics (MD) simulation to bias the val-
ues of particular molecular properties, such as nuclear
Overhauser effect intensities or distances, dipolar cou-
plings, 3J-coupling constants, chemical shifts or
crystallographic structure factors, towards experimental
values is a widely used structure refinement method.
Because multiple torsion angle values / correspond to the
same 3J-coupling constant and high-energy barriers are
separating those, restraining 3J-coupling constants remains
difficult. A method to adaptively enforce restraints using a
local elevation (LE) potential energy function is presented
and applied to 3J-coupling constant restraining in an MD
simulation of hen egg-white lysozyme (HEWL). The
method succesfully enhances sampling of the restrained
torsion angles until the 37 experimental 3J-coupling con-
stant values are reached, thereby also improving the
agreement with the 1,630 experimental NOE atom–atom
distance upper bounds. Afterwards the torsional angles /
are kept restrained by the built-up local-elevation potential
energies.
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Introduction
Experimental techniques such as X-ray diffraction and
NMR spectroscopy are widely used to derive structural
information from molecules in solution, solid state or in
crystal form. These experimental methods have in common
that the values of observable quantities are averages over
time and over an ensemble of molecules. It may even not
be possible to come up with a single physically plausible
structure or conformation reproducing all experimental
values (Jardetzky 1980; Nanzer et al. 1994). Therefore, the
corresponding properties of an MD simulation should be
calculated as time averages and when restraints are applied,
those should reproduce the experimental values on average
(Torda et al. 1989). The latter can be achieved by adding a
penalty function Vrestr to the physical force field Vphys of
the MD simulation (Kaptein et al. 1985),
VðrðtÞÞ ¼ VphysðrðtÞÞ þ V restrðrðtÞÞ; ð1Þ
using a penalty function Vrestr of the form (Scott et al.
1998)
V restrðrðtÞÞ ¼
XNrestr
k¼1
1=2Kqrk qkðrðtÞÞ  q0k
 2
qkðrðtÞÞ  q0k
 2
;
ð2Þ
where qðrðtÞÞ may be a weighted average during the sim-
ulation (Torda et al. 1989) and qðrðtÞÞ is any of the above
mentioned observables (van Gunsteren et al. 1999). By
introduction of the first quadratic factor of Eq. 2, the
functional form given here avoids generating large artificial
structural fluctuations, as observed when using standard
time-averaging 3J-value restraints (Torda et al. 1993;
Nanzer et al. 1997).
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The 3J-coupling constants are usually calculated using
the Karplus relation (Karplus 1959)
J hðrðtÞÞð Þ ¼ a cos2h þ b cos h þ c; ð3Þ
where h is the torsion angle defined by the four covalently
bound atoms that determine a particular 3J-coupling con-
stant. This relation is of approximative nature and the
constants a, b and c are generally calibrated by fitting
measured 3J-values for molecules whose dihedral angles
are known from crystal structures (de Marco et al. 1978;
Pardi et al. 1984; Bru¨schweiler and Case 1994; Wang and
Bax 1996) or infered from NMR data (Schmidt et al. 1999).
Since this Karplus relation is multi-valued for almost all
except the very large and very small 3J values and the
average 3JðhðrÞÞ is very nonlinear with respect to the
average in h, restraining using a standard penalty function
may lead to unrealistic results (Scott et al. 1998; van
Gunsteren et al. 1999; Nanzer et al. 1997). Moreover, high-
energy barriers between different conformations or h-angle
values may inhibit a proper sampling of the various h-angle
ranges that contribute to the measured averaged 3J-values.
These features of the relation between 3J-values and
dihedral angles have made their use in biomolecular
structure refinement problematic. Here a solution to this
problem is proposed.
In the next section, the new restraining method is
explained, followed by an application of 3J-value
restraining to hen egg-white lysozyme and by a short
discussion.
Theory
During a molecular dynamics simulation, the current
(instantaneous) and average 3J-coupling constants can be
monitored. For this, the 3J-values are expressed in terms of
dihedral angles / that are defined by non-hydrogen atoms
of the molecule. Such an angle / differs by a phase shift d
from the angle h (h = / + d, for the precise definition used
by us see (van Gunsteren et al. 1996; Scott et al. 1999)).
The average is calculated using an exponentially decaying
memory function, which results in a larger impact of recent
3J-values on the average,
Jðt; sÞ ¼ 1
s
1
1  exp t=sð Þ
Z t
0
exp t
0  t
s
 
J t0ð Þ dt0 ð4Þ
with s the memory relaxation time (which determines how
fast the memory decays) and 3J(t) the calculated 3J-value at
time t (Torda et al. 1989, 1993). If the average (Eq. 4) and
the experimental 3J-value do not match, a local (limited
range) potential energy term for the dihedral angle corre-
sponding to the particular 3J-coupling constant is
introduced and increased in size until the dihedral angle
changes value. In other words, as long as the calculated and
experimental 3J-values do not match, the dihedral angle is
forced away from the range of values that were sampled up
till now in the simulation. This idea derives from local-
elevation (le) search (Huber et al. 1994) in which the
potential energy of already visited parts of configuration
space is raised in order to avoid repetitive sampling of the
same parts of configuration space in the simulation.
The mathematical and algorithmic formulation of the
proposed method is the following. Whenever the simulated
average of the 3J-value and the current 3J-value do not
fulfill the experimental observation, the force constant of a
penalty function, acting on the torsion angle / and its
current value /(t), is increased. The restraining potential
energy function of a given (kth) 3J-value is a sum of Nle
(local) terms
V Jresk ð/kðrðtÞÞÞ ¼
XNle
i¼1
V leki ð/kðtÞÞ; ð5Þ
where, as in local-elevation conformational search (Huber
et al. 1994), Gaussian functions centred at /ki
0 are used as
(locally active, i.e. only around /0) penalty terms:
V leki ð/kðrðtÞÞÞ¼KJresw/kiðtÞexp  /kðtÞ/0ki
 2
=2ðD/0Þ2
 
;
ð6Þ
where w/kiðtÞ is the weight of the ith penalty function and
KJres the penalty function force constant. The centres /ki
0 of
the Gaussian functions Vki
le are equally distributed over the
range of possible values of /k (/ki
0 = 2p i/Nle with i = 1,...,
Nle), and the width is given by D/
0 = 2p/Nle.
The weight of the penalty function is accumulated
during the simulation according to
w/kiðtÞ ¼t1
Z t
0
d/kðrðt0ÞÞ/0ki Jð/kðrðt
0ÞÞÞ  J0k
 2

Jð/kðrðt0ÞÞÞJ0k
2
dt0;
ð7Þ
using a biquadratic term (Scott et al. 1998) ðJð/kðtÞÞ  J0k Þ2
ðJð/kðtÞÞ  J0k Þ2 to determine whether the 3J-value deviates
from the experimentally observed one (Jk
0) with /kðrðtÞÞ
being the torsion angle corresponding to the 3J-coupling
constant Jk and d the Kronecker delta, which is defined
using finite differences:
d/kðtÞ/0ki ¼
1 if /0ki  D/0=2/kðtÞ\/0ki þ D/0=2
0 otherwise.

ð8Þ
Equation 7 ensures that the conformation is pushed
away from /ki
0 unless either the average Jð/kðtÞÞ or the
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current value J(/k(t)) are close to the experimental one,
which leads sooner or later to an average close to the
experimental 3Jk-value Jk
0.
It is straightforward to calculate the force resulting from
Vk
Jres on particle q:
fq ¼  oorq V
Jres
k ¼ 
XNle
i¼1
o
o/k
V leki
o/k
orq
¼
XNle
i¼1
V leki
/k  /0ki
 
ðD/0Þ2
o/k
orq
:
ð9Þ
Contrary to the original local-elevation method (Huber
et al. 1994), using penalty functions to enforce restraints
does not suffer from combinatorial explosion with
increasing number of local-elevation degrees of freedom,
as all restraints are treated independently.
In practice, flat bottom restraining can be achieved by
only increasing the penalty function force constants w/ki(t)
if the 3J-value deviates more than a given value DJ0 from
the experimental value Jk
0. For the instantaneous factor of
the penalty function this leads to
V inst;JrestðJð/kðtÞÞÞ
¼
ðJð/kðtÞÞ  J0k  DJ0Þ2 for Jð/kðtÞÞ[ J0k þ DJ0
ðJð/kðtÞÞ  J0k þ DJ0Þ2 for Jð/kðtÞÞ\J0k  DJ0
0 otherwise;
8
>><
>:
ð10Þ
and accordingly for the time-averaging factor
Vavg;JrestðJð/kðtÞÞÞ
¼
ðJð/kðtÞÞ  J0k  DJ0Þ2 for Jð/kðtÞÞ[ J0 þ DJ0
ðJð/kðtÞÞ  J0k þ DJ0Þ2 for Jð/kðtÞÞ\J0  DJ0
0 otherwise:
8
><
>:
ð11Þ
Methods and results
The protein hen egg-white lysozyme was recently used to
validate (Oostenbrink et al. 2005; Soares et al. 2004) the
GROMOS (Christen et al. 2005; Scott et al. 1999; van
Gunsteren et al. 1996) 53A6 force field (Oostenbrink et al.
2004), and the 45A3 parameter set (Schuler et al. 2001).
Among the experimental data used was a set of hundred
3Jab-coupling constants (Smith et al. 1991). Here only a
subset of 37 3Jab-coupling constants that were assigned
stereospecifically (Smith et al. 1991), which can therefore
be used in 3J-value restraining, were considered (see Table
1). We note that it is the v1 side-chain torsional angle that
plays the role of the restrained angle / in Eqs. 5–11. Short
simulations in vacuo using the X-ray structure as starting
configuration showed 14 3J-coupling constants with a
deviation higher than 2 Hz. Trying to reduce the deviation
from experiment using 3J-value restraining was only par-
tially successful. We did not succeed in finding a good
value of the force constant for any one of the restraining
methods (instantaneous, time-averaged or biquadratic
restraining penalty function) that would bring all 3J-cou-
pling constants close to the experimental values without
seriously changing the secondary structure. Two issues
needed to be addressed: First, to be able to use a minimal
restraining force constant, the latter should be adjusted
individually for each 3J-value restraint. Second, to repro-
duce the experimental 3J-value and escape local minima of
the physical or restraint potential energy surface enhanced
sampling of the corresponding torsional angle may be
required. Adaptive restraints using local-elevation satisfy
both requirements, as the force constant of the restraining
penalty function is, if necessary, slowly built up during the
simulation for each restraint. Furthermore, the restraining
is achieved by pushing the simulation away from already
visited conformations with 3J-coupling constants different
from the experimental ones. In other words, sampling is
enhanced for dihedral angle degrees of freedom with
wrong 3J-values.
First, the sensitivity of the method with regard to the
parameters KJres, DJ0 and Nle was investigated. From a
short 100 ps unrestrained simulation of lysozyme in vacuo,
using a time step size of 2 fs and constraining bond lengths
by the SHAKE (Ryckaert et al. 1977) algorithm, an average
violation of 1,630 NOE distance upper bounds (Soares
et al. 2004; Schwalbe et al. 2001) of 0.016 nm and a root-
mean-square deviation (RMSD) for the 37 selected
3Jab-coupling constants of 3.2 Hz were obtained. Then, a
total of 36 simulations, each starting from the X-ray
structure and lasting 100 ps, with all combinations of
values for KJres = 0.1, 0.05, 0.01, 0.005 Hz–4, DJ0 = 0.5,
0.75, 1.0 Hz and D /0 = 300, 200, 100 (Nle = 12, 18, 36),
were used to determine whether significant improvement in
the RMSD for the 3Jab-coupling constants could be
obtained without disrupting the structure, measured by the
average violation of 1,630 experimental NOE distance
upper bounds (see Fig. 1). Colours in the figure correspond
to equal force constants (red for KJres = 0.1 Hz–4, blue for
0.05 Hz–4, yellow for 0.01 Hz–4 and green for 0.005 Hz–4),
and line-styles to an equal number of intervals (solid for 12
intervals, dashed for 18 and dotted for 36) or local-eleva-
tion Gaussians per dihedral angle. The three values
connected by a line use, from low to high 3J-value RMSD,
an allowed deviation of DJ0 = 0.5 Hz for the first, DJ0 =
0.75 Hz for the second and DJ0 = 1.0 Hz for the last value.
Using 36 intervals, all simulations did better or equal in
NOE violations (the value of the unrestrained simulation is
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indicated by the dotted black line), and even with an
allowed deviation of DJ0 of 1 Hz, satisfactory 3Jab-cou-
pling constants were obtained. Using sufficiently small
force constants and enough intervals resulted in lower
average NOE upper bound violations.
In Fig. 2 the root-mean-square deviation over the set of
37 selected 3J-coupling constants during 100 ns of MD
simulation of lysozyme in vacuo is shown. The solid black
line, denoting an unrestrained simulation, shows an
increase in deviation from experiment. All other lines
correspond to adaptively restrained simulations, the thin
line with a force constant KJres of 0.005 Hz–4 and an
acceptable deviation of DJ0 = 1.0 Hz, the dashed one with a
force constant of 0.1 Hz–4 and an acceptable deviation of
0.5 Hz and the dotted on with KJres = 0.05 Hz–4 and DJ0 =
0.75 Hz. All use 36 intervals to discretize / (Nle = 36). The
time-averaging memory relaxation time s (Eq. 4) used in
all restrained simulations was 5 ps. (Torda et al. 1993;
Nanzer et al. 1995). All combinations of parameters
improve the RMSD of the 3J-coupling constants within the
first 30 ps. The longer the simulation is, the lower the force
constant KJres may be to perturb the system as little as
possible.
Comparing the evolution of selected angles / during the
simulation, three observations can be made: First, when
starting from a configuration with a 3J-coupling constant
far from the experimental value, rotation around the cor-
responding dihedral angle is immediate. An example is
shown in Fig. 3, panel C. The upper half shows the
restraining potential energy after 100 ps simulation time,
the lower half the time series of the corresponding dihedral
angle (black dots denote the adaptively restrained, red dots
the unrestrained simulation). It represents 3Jab of Thr(89),
with an experimental value of J0 = 9.5 Hz. The unre-
strained simulation results in an average of 2.5 Hz whereas
the adaptively restrained simulation gives 9.9 Hz (see also
Table 2). Second, enhanced sampling until the 3J value
matches the experimental data, or permanently, if the
experimental value is an average over two (or more) states,
is achieved (panel D: 3Jab of Val(109), experimental: 8.0
Hz, unrestrained: 3.2 Hz, restrained 8.2 Hz; panel B:
3Jab of Thr(69), experimental: 9.3 Hz, unrestrained: 12.5
Hz, restrained 9.8 Hz). And third, if the 3J-value is close to
the experimental one from the beginning, the correspond-
ing dihedral angle is kept restrained to its value (panel A:
3Jab of Thr(51), experimental: 9.3 Hz, unrestrained 4.3 Hz,
restrained: 9.7 Hz). The root-mean-square fluctuation of
the torsion angle /, once the correct conformation is found,
is in the same order of magnitude for the restrained as for
the unrestrained simulations.
Using restraints, the atom-positional root-mean-square
deviation from the initial (X-ray) structure (considering
Table 1 Subset of 37 3Jab-coupling constants (in Hz) which could be assigned stereospecifically for hen-egg white lysozyme (Smith et al. 1991)
and are used in (local-elevation) 3J-value restraining
Residue 3J0 Residue 3J0
Name Number Proton Name Number Proton
Val 2 b 10.8 Phe 3 b3 3.0
Cys 6 b2 11.5 His 15 b2 11.2
Asp 18 b3 11.0 Tyr 20 b3 11.7
Tyr 23 b2 10.9 Asn 27 b2 10.3
Val 29 b 11.1 Cys 30 b2 5.3
Phe 34 b3 5.0 Asn 39 b2 4.5
Thr 40 b 4.5 Thr 43 b 3.7
Asn 46 b3 4.7 Thr 47 b 2.6
Asp 48 b2 2.6 Thr 51 b 9.3
Asp 52 b2 11.6 Tyr 53 b2 10.4
Asn 59 b2 5.4 Arg 61 b3 10.8
Asp 66 b3 4.5 Thr 69 b 9.3
Leu 75 b3 2.1 Asp 87 b2 5.1
Ile 88 b 4.5 Thr 89 b 9.5
Val 92 b 10.1 Cys 94 b2 4.0
Val 99 b 6.3 Val 109 b 8.0
Thr 118 b 4.2 Asp 119 b2 4.9
Trp 123 b2 10.6 Ile 124 b 4.6
Cys 127 b2 11.6
The b2 and b3 protons are defined according to standard rules (Markley et al. 1998). The experimental error is about 1 Hz (Smith et al. 1991)
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only backbone atoms) decreases from 0.15 nm (unre-
strained) to 0.12 nm in the restrained simulation (see Figs.
4 and 5). The atom-positional fluctuations are comparable.
The secondary structure assignment shows no major loss in
the overall structure of lysozyme, even though vacuum
boundary conditions were used.
For the restrained simulation (KJres = 0.005 Hz–4, DJ0 =
1.0 Hz and Nle = 36), a total of 1,630 inter-proton distances
corresponding to NOE intensities (Soares et al. 2004;
Schwalbe et al. 2001) have been analysed. We note that
this set was the result of a slight revision (Soares et al.
2004) of a set of 1,632 NOE intensities (Schwalbe et al.
2001). These distance upper bounds include pseudo-atom
corrections (Wu¨thrich et al. 1983) and the distances were
determined from the simulations using r–3 averaging
(Tropp 1980). Their distribution is shown in Fig. 6 as
0 20 40 60 80 100
time [ps]
0
1
2
3
4
5
R
M
SD
3 J
α
β-
co
u
pl
in
g 
co
ns
ta
nt
 [H
z]
Fig. 2 Root-mean-square deviation (RMSD) of a set of 37 selected
(see Table 1) 3Jab-coupling constants from experimental values
(Smith et al. 1991). The solid line is the root-mean-square deviation
during an unrestrained simulation. All other lines are from simula-
tions making use of local-elevation adaptive restraints. The thin line
denotes use of a force constant KJres = 0.005 Hz–4 and an allowed
deviation of DJ0 = 1.0 Hz, the dashed line use of a force constant
KJres = 0.1 Hz–4 and an allowed deviaton of DJ0 = 0.5 Hz, the dotted
line use of a force constant KJres = 0.05 Hz–4 and acceptable deviation
of DJ0 = 0.75 Hz. All are using Nle = 36 intervals to discretise /,
corresponding to a D/0 = 100
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Fig. 1 Average of the NOE distance upper bound violations as a
function of the root-mean-square deviation (RMSD) of a set of 37
selected (see Table 1) 3Jab-coupling constants from experimental values
for different force constants KJres = 0.100, 0.050, 0.010, 0.005 Hz–4 and
different number of intervals Nle = 12, 18, 36 with corresponding D/
0 =
30, 20, 10 degree. On each line the first value represents an allowed
deviation of DJ0 = 0.50 Hz, the second DJ0 = 0.75 Hz and the third DJ0 =
1.00 Hz. The average NOE bound violation of the free simulation is
indicated by the dotted black line. The RMSD of the 3Jab-coupling
constant in the free simulation is 3.2 Hz
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distance bound violations, i.e. distances averaged over the
simulation minus the corresponding NMR derived upper
distance bound. This difference can also adopt negative
values, which means that in the MD simulations the inter-
proton distance is on average shorter than the upper bound
derived from the NMR experiment. The black bars show
the distribution of the simulation using 3Jab-value
restraining, shaded bars show the unrestrained distribution.
Different from standard restraining simulations (using
instantaneous or time-averaged 3J-value restraints) less
NOE violations are observed when using the adaptive
(local-elevation) restraining method for 3Jab-values pre-
sented here.
The dependence of the results on the initial structure of
the simulation can be tested by repetitively using adaptive
3J-coupling constant restraining followed by an unre-
strained simulation period. Figure 7 shows that no
improvement of the root-mean-square deviation of the
3J-values during the unrestrained parts of the simulation is
obtained. The simulations were carried out using a 20 ps
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Fig. 3 The local-elevation
potential energy functions for
four selected 3Jab-coupling
constants at the end of 100 ps of
an adaptively restrained
simulation (KJres = 0.005 Hz–4,
DJ0 = 1.0 Hz and Nle = 36) are
shown (Thr(51), Thr(69),
Thr(89) and Val(109)
corresponding to panel A, B, C
and D, upper half). The lower
half depicts the time series
(0.2 ps intervals) of the
corresponding dihedral angle,
black points indicate values
obtained from the 3J-value
restraining simulation, red
points those from an
unrestrained simulation. The
experimental and average
3J-coupling constants are listed
in Table 2
Table 2 Experimental (exp) 3Jab-coupling constants (in Hz; error
about 1 Hz) (Smith et al. 1991) and values obtained from 100 ps of
unrestrained (unrestr) and from 100 ps of restrained (restr) simulation
using adaptive (local-elevation) 3J-value restraints with a set of 37
selected (see Table 1) 3Jab-coupling constants for four residues that
show large deviation between the values obtained from the free
simulation and the experimental ones
Residue 3J-coupling constant
Name Number Exp Unrestr Restr
Thr 51 9.3 4.3 9.7
Thr 69 9.3 12.5 9.8
Thr 89 9.5 2.5 9.9
Val 109 8.0 3.2 8.2
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and a 40 ps interval (with restraints switched on first, then
switched off, etc.). The RMSD of 3J-values immediately
increases when the restraints are switched off. This may
have two causes. First, even a 40 ps restraining period may
not be enough to relax the structure (in vacuo), or, second,
the force field does not properly favour the experimental
conformation of the 37 side-chain angles and needs the
adaptive restraining penalty function to correct for this
error.
Discussion
A new application of the local-elevation simulation
technique (Huber et al. 1994) to achieve 3J-value
restraining was presented. Using this method, it is possi-
ble to succesfully restrain 3J-coupling constants without
destabilising the overall molecular structure. In the
example of lysozyme, even an improvement of repro-
ducing experimental NOE distance bounds was observed.
It can be applied to dihedral angles other than v1, for
which experimental 3J-values are available (Perez et al.
2001).
The method achieves selectively enhanced sampling by
disfavouring conformations of dihedral angles with
3J-coupling constants deviating from experiment. Also,
through the slow build up of the adaptive (local-elevation)
potential energy penalty functions, a minimum of inter-
ference of the restraints compared to an unrestrained
simulation is guaranteed. Furthermore, the method is not
very sensitive with respect to the force constant and
number of dihedral-angle intervals chosen, making it
suitable to include 3J-value restraining in standard bio-
molecular NMR structure refinement.
Fig. 4 The time series of
secondary structure elements
during an unrestrained
simulation of lysozyme is
shown
Fig. 5 The time series of
secondary structure elements
during a (local-elevation)
3J-value restraining simulation
using a set of 37 3J-coupling
constant restraints with adaptive
force constants of lysozyme
using a force constant
KJres = 0.005 Hz–4, DJ0 = 1.0 Hz
as acceptable deviation and
Nle = 36 is shown
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simulation denoted by the
dotted black line, 40 ps intervals
were used
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Fig. 6 Violations of 1,630 NOE
distance upper bounds from a
100 ps MD simulation of
lysozyme are shown. Black bars
correspond to a simulation using
(local-elevation) 3J-value
restraining with 37 3Jab-
coupling constant restraints
(KJres = 0.01 Hz–4 and DJ0 = 1.0
Hz), white bars correspond to an
unrestrained simulation
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